1. Introduction {#sec1-materials-13-00522}
===============

Mg alloys present a great industrial application prospect because of their low density and high specific strength. However, the hexagonal close-packed structure inevitably causes notably insufficient formability. Recently, a typical severe plastic deformation process, the high-strain-rate rolling \[[@B1-materials-13-00522],[@B2-materials-13-00522],[@B3-materials-13-00522],[@B4-materials-13-00522]\] that can significantly refine grains and enhance the mechanical performances of Mg alloys, has drawn widespread attention from industrial and scientific fields. However, due to the insufficient slip systems and the strong basal texture, cracks are still frequently formed at the edges and surfaces of Mg alloy samples during the high-strain-rate rolling. It was experimentally found that the finished product rate strongly depends on the strain-rate and temperature effects on the microstructural evolution \[[@B3-materials-13-00522],[@B4-materials-13-00522],[@B5-materials-13-00522],[@B6-materials-13-00522],[@B7-materials-13-00522],[@B8-materials-13-00522],[@B9-materials-13-00522],[@B10-materials-13-00522],[@B11-materials-13-00522],[@B12-materials-13-00522]\], which urgently needs to be identified.

The impact tests on the AZ31 Mg alloy plates along the normal direction \[[@B13-materials-13-00522]\] indicated that the increased strain rate results in increased flow stress, and that the stress-strain curves show positive strain-rate sensitivity because the strain-rate sensitive double twinning with the high critical resolved shear stress predominantly accommodates the plastic strain. In addition, Zhang et al. \[[@B14-materials-13-00522]\] found that the higher strain rate can more efficiently active the twin-induced dynamic recrystallization (TDRX) \[[@B15-materials-13-00522]\], and the failure strain of the casting AZ31 Mg alloys tested by the plane strain compression (PSC) is enhanced by the TDRX-induced softening at the higher strain rate.

In addition to the strain rate, the temperature effect on the TDRX is also significant. In Mg and its alloys, the TDRX exists at an extensive temperature range, including low (below 250 °C) \[[@B16-materials-13-00522]\], intermediate (250--350 °C) \[[@B5-materials-13-00522],[@B16-materials-13-00522],[@B17-materials-13-00522],[@B18-materials-13-00522]\], and high temperature (above 350 °C) \[[@B19-materials-13-00522],[@B20-materials-13-00522],[@B21-materials-13-00522]\] ranges. In the temperature range of 150--300 °C, the volume fraction of TDRX in pure Mg escalates with increasing temperature \[[@B16-materials-13-00522]\]. However, in the temperature range of 300--400 °C, the TDRX fraction gradually drops down with increasing temperature. Generally speaking, a higher temperature is more beneficial to dynamic recrystallizations (DRXs). However, for the TDRX, the temperature effect is non-monotonous.

The purposes of this study are to elucidate how the test strain rate and temperature influence the twinning and TDRX and to understand the twinning and TDRX effects on the strength and hot formability of casting Mg alloys with coarse grains.

2. Materials and Methods {#sec2-materials-13-00522}
========================

2.1. Plane Strain Compression {#sec2dot1-materials-13-00522}
-----------------------------

Because the stress, strain, and heat flow of the PSC are similar to those of the rolling process \[[@B22-materials-13-00522],[@B23-materials-13-00522]\], PSC is employed to quantitatively simulate the high-strain-rate rolling. The parallelepiped samples used for PSC tests, with the initial dimensions of 20 mm in width, 15 mm in length, and 10 mm in thickness, were prepared by the wire-electrode cutting on the casting AZ31 Mg alloy ingot that was made in the Key Laboratory of High Temperature Wear Resistant Materials Preparation Technology of Hunan Province, University of Science and Technology, Xiangtan, China ([Table 1](#materials-13-00522-t001){ref-type="table"} shows the element content of AZ31 Mg alloy). The PSC tests were carried out under vacuum using the Gleeble-3500 thermo-mechanical simulator (Dynamic Systems Inc., New York, NY USA). The Graphite lubricants and tantalum foils were used to eliminate friction between samples and the tools. The samples were heated to the temperature of 300 °C by a thermocouple and then held for 10 min prior to the compression tests. The compression geometry \[[@B24-materials-13-00522]\] and the Electron Backscatter Diffraction (EBSD, AZtec Nordlys Max data acquisition system, Oxford Instruments, Abingdon, UK) characterization plane is shown in [Figure 1](#materials-13-00522-f001){ref-type="fig"}. The initial dimensions of the parallelepiped samples are 15 × 20 × 10 mm, and the width of the die is 5 mm. The PSC tests were conducted on the samples until fracture, the fractured samples with small dimensions and crack boundaries were directly processed as the EBSD samples, and no additional cutting was needed. It is worth noting that, the ultimate strain rate of the simulator is 160 s^−1^, the high-strain-rate rolling usually be carried out at the average strain rate of above 10 s^−1^, and therefore three different typical strain rates of 10 s^−1^, 80 s^−1^, and 160 s^−1^ were selected for the PSC tests.

2.2. Electron Backscatter Diffraction {#sec2dot2-materials-13-00522}
-------------------------------------

The EBSD samples were the transverse direction (TD) plane containing the crack boundaries. These samples were first ground using SiC papers and then polished with diamond paste with the sequence of W3.5, W2.5, W1, W0.5, and W0.25. After being polished, the samples were etched using a mixture solution containing 10 mL HNO~3~, 30 mL acetic acid, 40 mL H~2~O and 120 mL alcohol. Finally, the EBSD data were measured by the SU5000 Hitachi scanning electronic microscopy (SEM) (Hitachi High-Technologies GLOBAL, Tokyo, Japan) equipped with the Oxford Aztec Nordlys Max data acquisition system, and the microstructures and texture were analyzed using the HKL Channel 5 system (5.11.20405.0, Oxford Instruments, Abingdon, UK). The SEM and EBSD operation voltage, spot intensity, magnification, and step size are 20 KV, 70 pA, 500, and 0.5 μm, respectively. The inverse pole figure along the compression direction (Z direction) of the initial texture before deformation is shown in [Figure 2](#materials-13-00522-f002){ref-type="fig"}. It is obviously shown that all grains are of random orientation with an average grain diameter of 200.96 μm, and no evidently strengthened texture exists in the casting alloys. The image quality (IQ) maps shown in following figures are the figures distinguishing recrystallizations, substructures, and deformed materials. Using HKL software, it is set that the red regions represent the fully recrystallized materials, the silver regions represent the substructured materials, and the aqua zones represent the deformed materials. The minimum grain boundary misorientation angles to separate subgrains and grains are 2° and 15°, respectively. In addition, the yellow, green, and blue lines represent the extension twinning (ETW), contraction twinning (CTW), and double twinning (DTW) boundaries, respectively.

3. Results {#sec3-materials-13-00522}
==========

3.1. Stress--strain Relationships {#sec3dot1-materials-13-00522}
---------------------------------

The true stress--strain curves of the casting AZ31 Mg alloys tested by the PSC at three different strain rates of 10 s^−1^, 80 s^−1^, and 160 s^−1^ and two different temperatures of 300 and 400 °C \[[@B14-materials-13-00522]\] are shown in [Figure 3](#materials-13-00522-f003){ref-type="fig"}. It is obviously shown that, at the same strain rate, both the samples tested at 300 and 400 °C almost keep the same hardening rate at the early hardening stage (stain: 0--0.025). However, at the latter hardening stage, the samples tested at 300 °C present clearly higher hardening rates, which significantly increase the flow stress and ultimate strength. At 300 °C and 160 s^−1^, the flow stress and ultimate strength are the greatest. Furthermore, compared with the samples tested at 400 °C, the samples tested at 300 °C present the longer segments of the approximately ideal plastic deformation, and the sample tested at 160 s^−1^ achieves the longest one, within which the true stress approximately remains unchanged, and the true strain increases greatly. Basically, at 300 °C, the coarse-grained AZ31 Mg alloy samples have the better ultimate strength and plastic deformability than those at 400 °C. In addition, the double-peak phenomenon evidently exists in the stress--strain curves with a higher strain rate. Generally, a single peak is understood as the transition of the twinning-induced hardening and the recrystallization-induced softening within coarse-grained Mg alloys \[[@B15-materials-13-00522]\]. With increasing strain rate, twins become more active within the recrystallized grains, and the secondary hardening and softening could happen and lead to the secondary peak.

3.2. Twinning and Recrystallizations {#sec3dot2-materials-13-00522}
------------------------------------

As shown in [Figure 4](#materials-13-00522-f004){ref-type="fig"}a that, at the 300 °C and 10 s^−1^, a massive amount of fine grains emerges within the area close to the crack tip, and twinning is also very profuse (the statistical fraction is shown in [Table 2](#materials-13-00522-t002){ref-type="table"}). The black regions are actually the grain boundaries with a high density. Because the recrystallized grains are fine and dense within the area close to the crack tip, the numerous grain boundaries set as black lines look like black regions. Within the area far away from the crack tip, a majority of twinning has not evolved into the DRX, and only a tiny minority of ETW and DTW has evolved into the DRX that inherits the c-axis orientation of parent twinning (as shown in [Figure 4](#materials-13-00522-f004){ref-type="fig"}b, the grain marked by a is a DTW-induced DRX grain, and the grains marked by b are ETW-induced DRX grains). Within the area close to the crack tip, the profuse TDRX has been formed into the necklace-like structure composed by the small grains with smooth grain boundaries ([Figure 4](#materials-13-00522-f004){ref-type="fig"}c). Only very few grains are evolved from the grain boundary bulging (the grains marked by c and d in [Figure 4](#materials-13-00522-f004){ref-type="fig"}d). For the whole plane of [Figure 4](#materials-13-00522-f004){ref-type="fig"}a, the misorientation angle distribution shows that, at the strain rate of 10 s^−1^, the misorientation angles of grain boundaries are more evenly distributed, and relatively less twinning boundaries are detected, which should be attributed to the reorientation of the TDRX grains. [Figure 5](#materials-13-00522-f005){ref-type="fig"} is the second-electronic (SE) image of the region of [Figure 4](#materials-13-00522-f004){ref-type="fig"}a.

[Figure 6](#materials-13-00522-f006){ref-type="fig"}a shows that the profuse ETW and DTW grow at 300 °C and 80 s^−1^. Near the crack tip, the active twinning benefits slip, accommodates plastic deformations, accumulates a high density of dislocations and the strain energy within itself, and finally drives the TDRX and the formation of the necklace-like structure with smooth boundaries (the volume fraction of the TDRX is clearly more than that at 10 s^−1^). Due to the higher stress and strain within the area close to the crack tip, the continuous reorientation gradually diverts the TDRX grain boundaries from the twin boundaries. However, within the areas ([Figure 6](#materials-13-00522-f006){ref-type="fig"}b,c) far away from the crack tip, the new grains marked by e and g have just been evolved from the ETW, the new grains f and h have just been evolved from the DTW, the grains inherit the orientation of parent twinning, and the necklace-like structure has not been formed. For the whole plane of [Figure 6](#materials-13-00522-f006){ref-type="fig"}a, the misorientation angles are evenly distributed at the large grain boundary range, except for the angle of 86.3°.

[Figure 7](#materials-13-00522-f007){ref-type="fig"}a shows that, at 300 °C and 160 s^−1^, the higher strain rate results in the formation of a massive amount of ETW in the whole area, particularly in the area close to the crack tip. In addition, the ETW-induced recrystallization (Zone E shown as [Figure 7](#materials-13-00522-f007){ref-type="fig"}c), DTW-induced recrystallization (Zone D shown as [Figure 7](#materials-13-00522-f007){ref-type="fig"}b), and the necklace-like structure frequently and extensively emerge within the whole area. There is only rare discontinuous DRX that is based on the grain boundary bulging (the grain marked by i and shown in [Figure 7](#materials-13-00522-f007){ref-type="fig"}b). It is worth noting that although the TDRX is prevailing, a number of ETW have not yet evolved into new grains, and therefore [Figure 8](#materials-13-00522-f008){ref-type="fig"}a shows a high peak value at the misorientation angle of 86.3°.

The misorientation angles were detected by EBSD measurement across the whole plane shown as [Figure 4](#materials-13-00522-f004){ref-type="fig"}a[Figure 6](#materials-13-00522-f006){ref-type="fig"}a and [Figure 7](#materials-13-00522-f007){ref-type="fig"}a and calculated by HKL software. The misorientation angle range is 2°--90° ([Figure 8](#materials-13-00522-f008){ref-type="fig"}a. In total, 1441 grains in [Figure 4](#materials-13-00522-f004){ref-type="fig"}a, 2144 grains in [Figure 6](#materials-13-00522-f006){ref-type="fig"}a and and 2309 grains in [Figure 7](#materials-13-00522-f007){ref-type="fig"}a were considered for the statistical analysis of 10 s^−1^, 80 s^−1^, and 160 s^−1^, respectively. The error bars of the misorientation angle distribution has been added to show the frequency dispersity at different misorientation angles ([Figure 8](#materials-13-00522-f008){ref-type="fig"}b). [Figure 8](#materials-13-00522-f008){ref-type="fig"}b shows the frequency dispersity of small-angle grain boundaries is also comparatively larger in addition to that of ETW boundaries.

The grain size distribution of AZ31 samples containing the crack tested at 300 °C is shown in [Figure 9](#materials-13-00522-f009){ref-type="fig"}. There is no great difference among the three strain rates, and the dispersity of the grain sizes is not very high.

[Table 2](#materials-13-00522-t002){ref-type="table"} statistically shows that the volume fraction of the ETW is almost the highest at any temperature and strain rate, owing to the ETW requiring the lowest shear stress. In addition, the volume fraction of the ETW significantly increases with increasing strain rate at 300 °C, which means that the ETW presents the positive strain-rate sensitivity. It is generally believed that twinning is insensitive to temperature; however, at the same strain rate, the fraction of the ETW at the temperature of 300 °C is clearly less than that at 400 °C. This should be ascribed to that more ETW has evolved into the TDRX at the temperature of 300 °C, and the orientation of the new grain boundaries gradually deviates from that of the parent ETW due to reorientation.

[Table 3](#materials-13-00522-t003){ref-type="table"} shows the comparison of the average, the standard deviation, the maximum, and the minimum of grain sizes at different temperatures and strain rates. The grain sizes were estimated by the HKL software. The critical misorientation angle for grain boundaries is set as 15°, the boundary completion is allowed down to 2°, and the twin boundaries with the misorientation angles of 86.3° (ETW), 56.2° (CTW), and 37.5° (DTW) are disregarded. For three different strain rates, the average and standard deviation of grain sizes at 300 °C are much smaller than the counterparts at 400 °C, which means that a majority of the detected grains at 300 °C are the fine DRX grains with close diameters, and the fine grains at 400 °C are not so profuse as those at 300 °C. The higher dispersity at 400 °C indicates that the grain refinement caused by TDRX is completely not uniform and thorough, and fine and coarse grains coexist. Generally, the DRX is driven by both stress and temperature, and the higher the temperature is, the more efficiently the DRX occurs. However, it is experimentally found that the temperature of 300 °C is more beneficial to the TDRX and grain refinement than the temperature of 400 °C because the higher strain-hardening rate and flow stress at 300 °C (see [Figure 3](#materials-13-00522-f003){ref-type="fig"}) drives the TDRX more efficiently. In addition, it is believed that the stress-favored TDRX can effectively weaken the basal deformation texture, enhance the basal slip activity, and reduce the ETW activity \[[@B15-materials-13-00522]\]. This is why the samples tested at 300 °C show the longer segments of the approximately ideal plastic deformation (see [Figure 3](#materials-13-00522-f003){ref-type="fig"}).

4. Discussion {#sec4-materials-13-00522}
=============

The temperature and strain-rate effects on the stress--strain relationships and microstructural behaviors of casting AZ31 Mg alloys during PSC were tested and characterized in this study. The Correlations among the loading conditions, microstructural behaviors, and macroscopic performances should be clarified.

(1) The volume fractions of ETW and TDRX at 300 °C significantly increases with increasing test strain rate, showing the positive strain-rate sensitivity. Generally, twinning is insensitive to the test temperature. However, it is statistically found that the fraction of the ETW at 300 °C is much less than that at 400 °C. Furthermore, the average and standard deviation of grain sizes at 300 °C are much smaller than the counterparts at 400 °C. The above two points are mainly attributed to that more ETW has evolved into the TDRX at 300 °C, more small twin-walled grains with smooth boundaries are formed, and the subsequent reorientation gradually diverts the orientations of new grains from the parent twinning. Macroscopically, the higher strain-hardening rate and flow stress at 300 °C are capable of driving the TDRX and grain refinement more efficiently, causing the abnormal temperature effect. This is different from the general mechanism that the higher the temperature is, the more easily the DRX occurs.

(2) At the same strain rate, the samples tested at the temperatures of 300 °C and 400 °C almost maintain the same hardening rate at the early hardening stage (strain: 0--0.025). However, at the later hardening stage, the strain-hardening rate at 300 °C was obviously higher, and therefore the flow stress and ultimate strength also evidently increase. At the temperatures of 300 °C, the sample tested at 160 s^−1^ has the greatest flow stress and ultimate strength resulting from the strain hardening by twinning. Furthermore, compared with the samples tested at 400 °C, the samples tested at 300 °C present the longer segments of the approximately ideal plastic deformation resulting from the strain-softening by the TDRX. The sample tested at 160 s^−1^ achieves the longest segment of the approximately ideal plastic deformation. During this process, the stress basically remains constant, while the strain increases substantially. Therefore, for the casting AZ31 Mg alloys, the higher strain rate and appropriate temperature, which active the positive strain-rate sensitive twinning to achieve a higher strain-hardening rate and facilitate the stress-favored TDRX to adequately reduce the ETW activity, increase basal slip, and realize strain softening, can achieve the better ultimate strength and plastic deformability during the PSC tests that model the high-strain-rate rolling.
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![Schematics of PSC and EBSD characterization plane (shaded area).](materials-13-00522-g001){#materials-13-00522-f001}

![An EBSD inverse pole figure-Z map of initial texture.](materials-13-00522-g002){#materials-13-00522-f002}

![True stress--strain relationships of the PSC samples tested at three different strain rates (10 s^−1^, 80 s^−1^, and 160 s^−1^) and two different temperatures (300 and 400 °C \[[@B14-materials-13-00522]\]).](materials-13-00522-g003){#materials-13-00522-f003}

![IQ maps of the area containing the crack (300 °C, 10 s^−1^): (**a**) twinning and fine grain distribution; (**b**) twin-induced dynamic recrystallization (TDRX); (**c**) necklace-like structure; (**d**) grain boundary bulging.](materials-13-00522-g004){#materials-13-00522-f004}

![A SE image of the region of [Figure 4](#materials-13-00522-f004){ref-type="fig"}a.](materials-13-00522-g005){#materials-13-00522-f005}

![IQ maps of the area containing the crack (300 °C, 80 s^−1^): (**a**) Twinning and necklace-like structure; (**b**) ETW-induced and DTW-induced DRX within the area far away from the crack tip and grain boundary; (**c**) ETW-induced and DTW-induced DRX within the area far away from the crack tip but close to the crack boundary.](materials-13-00522-g006){#materials-13-00522-f006}

![IQ maps of the area containing the crack (300 °C, 160 s^−1^): (**a**) Twinning and necklace-like structure; (**b**) DTW-induced DRX; (**c**) ETW-induced DRX.](materials-13-00522-g007){#materials-13-00522-f007}

![(**a**) Misorientation angle distribution and (**b**) error bar of the AZ31 samples containing the crack tested at 300 °C.](materials-13-00522-g008){#materials-13-00522-f008}

![Grain size distribution of AZ31 samples containing the crack tested at 300 °C.](materials-13-00522-g009){#materials-13-00522-f009}

materials-13-00522-t001_Table 1

###### 

Element content of AZ31 Mg alloy.

  Elements in AZ31 Mg Alloy   Weight Ratio (wt.%)
  --------------------------- ---------------------
  Mg                          95.30%
  Al                          3%
  Zn                          1%

materials-13-00522-t002_Table 2

###### 

Volume fraction of twinning at different strain rates and temperatures.

  Temperature (Unit: °C)              Strain Rate (Unit: s^−1^)   Twinning Volume Fraction (Unit: %)           
  ----------------------------------- --------------------------- ------------------------------------ ------- -------
  300                                 10                          2.64                                 5.20    2.79
  80                                  1.83                        4.06                                 4.89    
  160                                 1.04                        2.27                                 9.12    
  Average                             1.84                        3.84                                 5.59    
  400 \[[@B14-materials-13-00522]\]   10                          0.08                                 0.92    17.80
  80                                  2.33                        3.57                                 7.78    
  160                                 0.18                        0.82                                 16.30   
  Average                             0.86                        1.77                                 13.96   

materials-13-00522-t003_Table 3

###### 

Grain size and ultimate strength at different strain rates and temperatures.

  ------------------------------------------------------ -------- ----------------------------------- -------- -------- -------- --------
  **Temperature (unit: °C)**                             300      400 \[[@B14-materials-13-00522]\]                              

  **Strain rate (unit: s^−1^)**                          10       80                                  160      10       80       160

  **Average grain diameter (unit: μm)**                  8.5402   8.0934                              8.2257   34.958   33.280   28.486

  **Standard deviation of grain diameters (unit: μm)**   7.3771   5.0217                              5.3573   52.758   57.305   50.148

  **Maximum of grain diameters (unit: μm)**              169.02   99.384                              150.3    438      520.5    453

  **Minimum of grain diameters (unit: μm)**              5.3524   5.3524                              5.3524   1.5      1.5      1.5

  **Ultimate strength**\                                 171.16   177.88                              180.78   105.76   115.50   135.30
  **(unit: MPa)**                                                                                                                
  ------------------------------------------------------ -------- ----------------------------------- -------- -------- -------- --------
